Neural stem/progenitor cell (NSC) transplantation has been shown to effectively improve neurological function in rats with hypoxic-ischemic brain damage. Vascular endothelial growth factor (VEGF) is a signaling protein that stimulates angiogenesis and improves neural regeneration. We hypothesized that transplantation of VEGF-transfected NSCs would alleviate hypoxic-ischemic brain damage in neonatal rats. We produced and transfected a recombinant lentiviral vector containing the VEGF 165 gene into cultured NSCs. The transfected NSCs were transplanted into the left sensorimotor cortex of rats 3 days after hypoxic-ischemic brain damage. Compared with the NSCs group, VEGF mRNA and protein expression levels were increased in the transgene NSCs group, and learning and memory abilities were significantly improved at 30 days. Furthermore, histopathological changes were alleviated in these animals. Our findings indicate that transplantation of VEGF-transfected NSCs may facilitate the recovery of neurological function, and that its therapeutic effectiveness is better than that of unmodified NSCs.
Introduction
Hypoxic-ischemic encephalopathy is a common neurological disease among neonates, with a high mortality rate ranging from 10% to 60%. Furthermore, 25% of affected patients suffer permanent neurological sequelae, such as cerebral palsy, mental retardation, learning difficulties and epilepsy (Meberg et al., 2004) . Despite considerable advances in perinatal medicine, such as hypothermia, the management of hypoxic-ischemic encephalopathy is still mainly focused on symptomatic and supportive treatments. Therefore, there is a pressing need for more effective interventions for the disease. Because one of the major consequences of hypoxic-ischemic brain damage (HIBD) is the loss of neural cells, stimulation of the production of endogenous cells and supplementation with exogenous cells are potentially effective treatment strategies.
Neural stem/progenitor cells (NSCs), which are characterized by self-renewal, multilineage differentiation and non-immunogenicity, are ideal for hypoxic-ischemic encephalopathy treatment (Li et al., 2015) . However, because of the poor survival rate and limited regenerative capacity of normal NSCs following transplantation, numerous studies have focused on genetically-modified NSCs expressing exogenous genes (Kim et al., 2004; Daadi et al., 2010; Zhu et al., 2011) .
Vascular endothelial growth factor (VEGF) is a signaling protein that stimulates angiogenesis and improves neural regeneration. Administration of angiogenic factors, such as VEGF, combined with NSC transplantation, has been shown to be a very promising treatment strategy for enhancing vascularization and neuroprotection in ischemic diseases (Tan et al., 2014) . Zhu et al. (2005) , for example, transplanted VEGF-transfected NSCs to treat transient cerebral ischemia in adult rats, and found that these NSCs migrated in the host brain tissue and could express the gene product. Because this strategy combines both an abundant cell source and a niche factor, which is critical for cell survival, it results in better local vascularization and neuronal morphology in vitro. However, no study to date has evaluated the effects of a similar intervention for the treatment of brain injury in neonatal rats. The neonatal brain is in a developmental state with immature immune function, which might facilitate the survival of genetically modified NSCs and allow for better proliferation and migration of these cells. Because of these advantages, we hypothesized that genetically modified NSCs might have therapeutic potential for treating neonatal brain damage.
Previously, we created a recombinant lentiviral vector containing the VEGF 165 gene (pGC-FU-VEGF 165 ), which was transfected into cultured NSCs for transplantation into the brain in an animal model . In the present study, we evaluated the therapeutic efficacy of genetically modified NSCs for functional recovery in neonatal animals post HIBD. We examined VEGF 165 mRNA and protein levels in the transplanted brain region, and we also assessed neurological functions, including motor behavior, working memory, emotional behavior and object recognition, in neonatal rats. Our findings provide insight into the therapeutic efficacy of VEGF 165 -transfected NSC transplantation for neonatal HIBD, and they should help researchers develop new treatment strategies for perinatal hypoxic-ischemic injury.
Materials and Methods

NSC isolation and culture
Two pregnant (gestation days 14-16) Sprague-Dawley rats (weighing 256 g and 280 g) for rat embryo collection were provided by the Department of Animal Experiments of Xiangya Hospital of Central South University, China (license No. SCXK (Xiang) 2010-0002). The animal experimental procedures followed NIH guidelines and were approved by the Animal Ethics Committee of Central South University, China.
NSCs were isolated from Sprague-Dawley rat embryos as previously described (Liu et al., 2009) . In brief, the dams, at 14-16 days of pregnancy, were intraperitoneally anesthetized with 3% chloral hydrate, and the embryos were sterilely removed. Single-cell suspensions were prepared by trypsinization of dissected brain tissue and filtration of digested cells. After washing with PBS, NSCs were cultured in conditioned medium (Dulbecco's modified Eagle's medium/F12) containing basic fibroblast growth factor (20 ng/mL; Changsha Lixin Biological Technology Co., Ltd., Changsha, China), epidermal growth factor (20 ng/mL; PeproTech, London, UK), B27 (20 μL/mL; Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) and insulin (100 ng/mL). NSCs were collected 14 days after primary culture, and identified using indirect immunofluorescence, based on their expression of the specific NSC antigen, nestin (Figure 1) . 165 and transfection of NSCs VEGF 165 gene fragments were synthesized by polymerase chain reaction (PCR), with primers designed using GenBank sequence information (No. AF486837), as previously described by our group . The target gene was introduced into a lentiviral vector (pGC-FU) to produce a recombinant lentiviral vector carrying the VEGF 165 gene (pGC-FU-VEGF 165 ). Reverse transcription (RT)-PCR and sequencing analysis confirmed that the gene was correctly cloned into the lentiviral vector. The fourth passage of NSCs was incubated with pGC-FU-VEGF 165 (multiplicity of infection: 50) for 8 hours. The culture medium was replaced with fresh NSC culture medium, and the infection was continued for an additional 48 hours. The transfected cells were selected with G418 (400 μg/mL) for 2 weeks, and the positive clones were expanded for 2 more weeks in the presence of G418.
Construction of the recombinant lentiviral vector pGC-FU-VEGF
Animal experiment
Healthy 7-day-old Sprague-Dawley rats, of either sex, weighing 12-15 g, were randomly divided into four groups of 20 in each group, as follows: (1) sham-operated (control group, CON); (2) PBS transplantation (injection); (3) VEGF-transfected NSC transplantation (transgene NSCs); and (4) normal NSC transplantation (NSCs). All transplanted animals were subjected to hypoxia-ischemia surgery 3 days prior to NSC transplantation (see below).
Establishment of the HIBD model
The HIBD model was established in accordance with the method of Rice et al. (1981) . Sprague-Dawley rats were anesthetized by ether inhalation and fixed in the supine position. The left common carotid artery was ligated 2 hours before the rats were exposed to a low oxygen environment. Animals were placed in a plexiglass chamber at 37°C for 2 hours to induce hypoxia. The nitrogen-oxygen mixture contained 8.0 ± 0.1% oxygen and was supplied at a rate of 1-2 L/min. The chamber bottom was covered with soda lime to absorb CO 2 and moisture. Rats were returned to their cages for breastfeeding at the end of the procedure. Their health status and behaviors were monitored until weaning at 21 days of age. Sham-operated rats underwent isolation of the left common carotid artery, without ligation or hypoxia.
Intracerebral transplantation
Three days after HIBD surgery, 2 μL of buffer was stereotactically injected into the left sensorimotor cortex of rats in the PBS, NSCs and transgene NSCs groups, with or without 1 × 10 5 normal or transfected NSCs. The time points and sites for cell transplantation were according to our previous study and were based on the optimal response of the animals (Zhang et al., 2008) . In brief, rats were fixed in a stereotaxic apparatus (Stoelting, Wood Dale, IL, USA), and the transplantation site was the left sensorimotor cortex (anteroposterior: −0.3 mm; mediolateral: −2 mm; dorsoventral: −1.5 mm; 0.3 mm posterior to and 2 mm left of the bregma; depth of 1.5 mm). Buffer or NSC suspensions (2 μL) were delivered using a microsyringe inserted perpendicularly to the location. The whole procedure was very gentle, and each insertion, injection and removal of the needle was performed over a period of at least 5 minutes. After the scalp was sutured, the rats were returned to their mother. Their health status and behaviors were monitored closely until weaning at 21 days.
VEGF mRNA detection
Brain VEGF mRNA levels were measured 7 days after transplantation (at 17 days of age), with glyceraldehyde-3-phosphate dehydrogenase (GAPDH) as an internal control. The primers used are shown in Table 1 . Total RNA was extracted from brain tissue using Trizol reagent. RNA concentration and quality were determined using the A 260 nm /A 280 nm ratio, and RNA integrity was assayed by agarose gel electrophoresis. RT-PCR amplification was performed using 2 μg total RNA and the RT-PCR one-step method (Promega, Fitchburg, WI, USA), according to the kit instructions. Twenty-five amplification cycles were performed, and PCR products were electrophoresed on a 1% agarose gel and scanned with a gel-imaging system. The relative expression of the VEGF gene was determined using the ratio of the VEGF signal to that of GAPDH.
Immunohistochemical detection of VEGF
Immunohistochemical detection of VEGF protein was performed 7 days after transplantation. Rats were anesthetized with chloral hydrate, and fixed with 4% paraformaldehyde. After embedding in paraffin, serial coronal sections were prepared from the left brain tissue, between the bregma and 3 mm posterior to the bregma. Sections of 3-μm thickness were used for VEGF immunohistochemistry. Immunostaining was performed using a VEGF immunohistochemistry kit (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China). Sections were incubated with polyclonal rabbit anti-mouse VEGF and CD34 monoclonal antibody (1:100, 1:50; Santa Cruz Biotechnology, Dallas, TX, USA) at 4°C overnight, and then with biotin-labeled goat anti-rabbit antibody (1:200, Wuhan Boster Biological Technology Co., Ltd., Wuhan, China) at 37°C for 15 minutes. The sections were subsequently incubated with horseradish peroxidase-labeled streptavidin at 37°C for 15 minutes. The slices were visualized with freshly prepared diaminobenzidine (Wuhan Boster Biological Technology Co., Ltd.), and counterstained with hematoxylin. Negative controls were incubated with 0.01 M PBS, instead of primary antibody. The density of VEGF-positive cells was counted in five fields under a microscope (Leica, Solms, Germany) at 40× magnification.
Histological observation
Twenty-eight days after hypoxia-ischemia surgery (at 35 days of age, after functional assessments), the rats were anesthetized with 10% chloral hydrate and perfused with 0.9% saline followed by 4% paraformaldehyde in PBS, as described previously (Zheng et al., 2010) . After dewaxing, brain sections (5 μm) were cut from the cortex and hippocampal regions, and were used for Nissl staining to evaluate neuronal cell loss and morphology. Ten sections from each hemisphere at intervals of about 400 μm apart were evaluated. Neuronal cells were positively identified by Nissl stain, and the numbers of positively-stained nuclei were counted in the cortex and CA1 region using confocal scanning microscopy software (LSM 510; Chongqing Optical Instrument Factory, Chongqing, China). A systematic, random counting procedure was followed, as described previously (Williams et al., 1988; Wang et al., 2008 ). An average positive cell density for the cortex and hippocampal CA1 region was obtained (cells/mm 2 ). Ten sections from each hemisphere were assessed per animal, and 12 animals were analyzed for each group.
Behavioral tests
Cellular and tissue changes may lead to changes in brain functions. Therefore, we evaluated brain function using two behavioral tests. Radial arm maze test assesses memory and spatial learning ability, while attitudinal reflex test evaluates motor function. Behavioral testing was performed in a double-blind manner when the rats were 30 days old. The people performing the tests were not informed of the animal grouping information.
Radial arm maze test
The radial arm maze test evaluates hippocampal functions that are associated with spatial learning and memory (Floresco et al., 1997) . The test was performed according to the method described by Balduini et al. (2001) 27 days after hypoxic-ischemic injury. The radial arm maze consists of a central platform 30 cm in diameter, and eight radially symmetrical arms 50 cm long and 12 cm wide, with a hole at the end of each arm. Animals were deprived of water for 48 hours before the test, with water only available for 30 minutes every evening. Each hole in the maze was filled with 50 μL water for the first 2 days, and the animals were free to seek the water in the maze. For the space test, only three arms were filled with water, at adjacent angles of 135°, 90° and 135° respectively. To complete the maze successfully, the rat must go down each arm only once, using short-term memory and spatial cues to remember which arms have already been visited. If a rat goes down any arm twice, this counts as an error. Animals were tested five times daily, at intervals of 1 minute, for 3 days. At the beginning of each test, rats were placed in the center of the maze, facing the third arm that had been filled with water. The rats were required to find all three arms. The time taken to find all three arms, the number of times the animal entered an arm that had already been entered, and the number of times an animal entered an arm not filled with water were recorded. Twelve animals were tested for each of the treatment groups.
Attitudinal reflex test
The attitudinal reflex experiments were performed at 34 days of age (27 days after hypoxic-ischemic injury) for evaluating sensorimotor function, which reflects the status of the sensorimotor area in the cortex, according to a previously described protocol (Zheng et al., 2010) . Briefly, when lifted 50 cm above the surface with its tail grasped by the researcher, a rat would normally stretch its two forelimbs toward the surface (score: 0). An injured brain hemisphere may prevent it from extending the contralateral limb (score: 1). Afterwards, rats were placed on a table, and the shoulder was pressed to one side until the forelimb extended. This procedure was repeated several times. An impairment was noted if the response was weakened (contralateral to the injured brain hemisphere) (score: 2). Twelve animals were tested for each of the treatment groups.
Statistical analysis
Parametric data are presented as the mean ± SD. All statistical analyses were performed with SPSS 17.0 software (SPSS, Chicago, IL, USA). Data for the various groups were compared using one-way analysis of variance, followed by Tukey's honestly significant difference test when an overall significance was detected (P < 0.05). The maze test data were analyzed using two-way analysis of variance followed by Tukey's honestly significant difference test to evaluate differences at each time point. Ranked data were compared using the Mann-Whitney U test. A probability value of less than 5% was considered statistically significant.
Results
Effects of hypoxic-ischemic injury and NSC transplantation on brain VEGF mRNA and protein levels VEGF mRNA was analyzed by RT-PCR in the ischemic ipsilateral hemisphere of the brain, and VEGF protein was examined by immunohistochemistry in the hippocampal region of the same ipsilateral hemisphere. Interestingly, RT-PCR (Figure 2 ) and immunohistochemistry ( Figure  3) showed that both VEGF mRNA and protein levels were increased significantly by the hypoxia-ischemia procedure itself (P < 0.05). Transplantation of NSCs into HIBD animals increased VEGF mRNA and protein levels (P < 0.05), and transplantation of transgenic NSCs increased VEGF mRNA and protein levels to a greater extent (P < 0.05).
Effect of hypoxic-ischemic injury and NSC transplantation on brain histology
As shown in Figure 4 , the HIBD (PBS) group exhibited marked neurodegeneration in the hemisphere ipsilateral to the occluded carotid artery, and a severe loss of pyramidal cells in the cortical region. In the hypoxic-ischemic rats, the cells displayed a condensed, degenerative morphology. These changes were partially attenuated by NSC transplantation. For example, the loss of pyramidal cells in the cortical region was largely prevented in the transgene NSCs group. To quantify the number of pyramidal cells in the tissue, we counted Nissl-stained cells in the cortex and hippocampal CA1 region. In addition to the changes in cell morphology (condensed nucleus and cytoplasm), the cell density (cells/mm 2 ) was significantly reduced by 45% in HIBD rats (P < 0.01). The transplantation of NSCs almost completely prevented the neuronal loss. The protective effect was even more significant in rats that received VEGF-transfected NSCs (P < 0.01).
Effects of ischemia and NSC transplantation on brain functions
Radial arm maze test Rats in the PBS group took a significantly longer time to find water, had more errors, and more repetitions compared with sham-operated rats (P < 0.01; Table 2 ). This indicates that ischemia had a significant negative effect on memory and spatial learning abilities. Transplantation of NSCs, either with or without genetic modification, partially prevented these negative changes (P < 0.05). The improvements produced by transgenic NSCs were not of the same degree for all parameters, with some being more dramatic than others. For example, the time to find water in the maze was significantly improved by transgenic NSCs compared with NSCs alone (P < 0.05). There were no significant differences in the numbers of errors and repetitions made by the two groups (P > 0.05).
Attitudinal reflex test
The scores in the attitudinal reflex test are shown in Table 3 . The higher the score, the worse the sensorimotor function. The score for all control rats was 0, indicating intact motor functions. Brief ischemia significantly increased the average scores from 0 to mostly 2 (P < 0.05), while NSC transplantation partially prevented these increases (P < 0.05). There was no significant difference between rats given transgenic NSCs and those given non-transgenic NSCs. VEGF mRNA expression levels were quantified by scanning the optical density of the bands and normalizing against GAPDH. Data are expressed as the mean ± SD (5 rats per group). The data for the different groups were compared using one-way analysis of variance followed by Tukey's honestly significant difference test when an overall significance was detected. *P < 0.05, vs. CON group; #P < 0.05, vs. NSCs group or PBS group; †P < 0.05, vs. PBS group. NSCs: Neural stem/progenitor cells; CON: sham-operated control; PBS: phosphate-buffered saline; HIBD: hypoxic-ischemic brain damage; VEGF: vascular endothelial growth factor; M: marker; RT-PCR: reverse transcription-polymerase chain reaction; GAPDH: Glyceraldehyde-3-phosphate dehydrogenase.
Discussion
HIBD is a diffuse brain injury resulting in changes in the cerebral cortex, striatum and hippocampus (Balduini et al., 2000; Pimentel et al., 2011) . Cortical injury can induce sensorimotor impairment, while striatal damage leads to changes in spontaneous movement, and hippocampal damage triggers declines in spatial memory and learning abilities (Bona et al., 1997; Balduini et al., 2001) .
In the present study, hypoxic-ischemic lesions in the neonatal period (day 7) resulted in the impairment of sensorimotor function and working memory and learning abilities 4 weeks later (on day 35). These deficits were partially prevented by The data for the different groups were compared using one-way analysis of variance followed by Tukey's honestly significant difference test when an overall significance was detected. *P < 0.05, vs. CON group; #P < 0.05, vs. NSCs group or PBS group; †P < 0.05, vs. PBS group. NSCs: Neural stem/progenitor cells; CON: sham-operated control; PBS: phosphate-buffered saline; HIBD: hypoxic-ischemic brain damage; VEGF: vascular endothelial growth factor. The data for the different groups were compared using one-way analysis of variance followed by Tukey's honestly significant difference test when an overall significance was detected. *P < 0.05, vs. CON group; #P < 0.05, vs. NSCs group or PBS group; †P < 0.05, vs. PBS group. NSCs: Neural stem/progenitor cells; CON: sham-operated control; PBS: phosphate-buffered saline; HIBD: hypoxic-ischemic brain damage.
transplantation with exogenous NSCs . Moreover, rats transplanted with genetically modified VEGF-expressing NSCs appeared to perform even better than those given unmodified NSCs. Although the underlying neuroprotective mechanisms are unclear, maintenance of neuronal numbers by preventing cell death and/or promoting the production of new cells might contribute to the therapeutic effects of the NSCs. Indeed, cell loss in the cortex and CA1 area of the hippocampus in ischemic rats was partially prevented by NSC transplantation, consistent with the brain functional improvements. The nervous system undergoes precisely timed and spatially regulated changes during development. Developmental disorders at the cellular and tissue levels can have neurological consequences in later life. The nervous system is more sensitive than other tissues to hypoxic-ischemic damage (Verklan et al., 2009) . Rats subjected to hypoxic-ischemic injury on postnatal day 7 showed increased spontaneous activities at weaning, behavioral asymmetry, and marked spatial learning deficits in their adult life. Because of individual variation, some HIBD rats may show little abnormality in one test, but perform much worse in another (Bona et al., 1997) . Therefore, in our study, we used two different tests to assess behavioral dysfunction for a more reliable assessment. Although the tests revealed consistent differences between the PBS and the two NSCs groups, the differences between the transgenic NSCs and regular NSCs groups were not fully consistent. For example, the time to find the water in the maze test was significantly improved in animals given transgenic NSCs compared with rats given non-transgenic NSCs; however, there were no significant differences in the numbers of errors or repetitions made by the two groups. While this inconsistency may in part be caused by limitations of the testing method itself, these results might indicate a real difference in neural responses to these treatments. If the latter is true, future studies should clarify the underlying mechanisms.
NSCs have the ability for self-renewal, the capacity to differentiate into cells of every glial and neuronal lineage, and the ability to populate developing or degenerating regions of the central nervous system. In addition to serving as precursors of new cells, NSCs may also serve as vehicles for gene therapy (Kim et al., 2007; Lee et al., 2010) . Transplanted NSCs can migrate and reintegrate into the host tissue and stably express foreign genes. These properties permit combining cellular therapy and gene therapy. In this study, we used this approach, and the results are promising. We found that genetically modified NSCs expressing VEGF had better therapeutic effects than unmodified NSCs in most tests in rats with HIBD. VEGF is a specific mitogen for endothelial cells. VEGF acts directly on vascular endothelial cells to stimulate their proliferation and migration, and the formation of new blood vessels (Holmes et al., 2005) . In addition, VEGF may also have direct neuroprotective effects, even before new blood vessels have formed, thereby prolonging cell survival and reducing neuronal damage under stress (Cao et al., 2004) . For example, VEGF can protect both HN33 and cortical neurons against cell death induced by hypoxia (Jin et al., 2001; Li et al., 2005) . Also, VEGF can directly stimulate the proliferation of neuronal progenitors and adult hippocampal cells (Fournier et al., 2012) . VEGF expression is significantly up-regulated by ischemia in various neural tissues and cells (Damert et al., 1997; Marti et al., 2000; Xie et al., 2013; Yokogami et al., 2013) . This hypoxia-dependent increase in VEGF is considered an important adaptive response of the tissue to the stressor. The increase in VEGF expression is an important step in the subsequent repair and regenerative processes, in which angiogenesis plays a central role. In our present study, we confirmed these previous findings that ischemia increases both VEGF mRNA and protein levels in the brain, even without transplantation of NSCs.
Because of its neurotrophic and neuroprotective effects in a variety of neurological disorders, VEGF is considered a therapeutic candidate for preventing ischemic brain damage (Lambrechts et al., 2006; Sköld et al., 2008; Ruiz et al., 2009) . Sun et al. (2003) injected exogenous VEGF into rats with acute cerebral infarction and showed that cerebral angiogenesis in VEGF-treated rats was four-fold higher than in the control, and that infarct size was significantly reduced. These observations support the conclusion that VEGF can function as a neurotrophic factor and reduce ischemic brain injury. However, VEGF protein is expensive and unstable in vivo, and requires repeated administration of large volumes, which limits the feasibility of application. VEGF gene therapy can overcome these limitations. Gene transfer may be achieved by the delivery of genetic material into the host's nervous tissue by different vectors, such as retroviral vectors, adeno-associated virus-based vectors, adeno-virus-based vectors and liposomes. In addition to safety concerns, direct delivery of these currently available vectors into host tissues is challenging because of the difficulty in targeting the vectors to a specific neural cell type in situ and the difficulty in controlling gene expression (Park et al., 2002) . In this study, we transfected NSCs with a recombinant lentiviral vector in vitro prior to transplantation into the host. Our results suggest that this strategy is more therapeutically effective than the transplantation of unmodified NSCs.
In summary, transplantation of NSCs into neonatal rats partially rescues ischemia-induced neural dysfunction. NSCs that express VEGF produce an even better outcome. The mechanisms by which these treatments promote the recovery of neurological function after ischemia is still unknown, but they may reduce neuronal cell death and/or increase neuronal cell production. Moreover, an increase in local VEGF levels may also be involved. Further studies are required to clarify the underlying repair mechanisms. 
